Latent heating (LH) from precipitation systems with different sizes, depths, and convective intensities is quantified with 15 years of LH retrievals from version 7 Precipitation Radar (PR) products of the Tropical Rainfall Measuring Mission (TRMM). Organized precipitation systems, such as mesoscale convective systems (MCSs; precipitation area . 2000 km 2 ), contribute to 88% of the LH above 7 km over tropical land and 95% over tropical oceans. LH over tropical land is mainly from convective precipitation, and has one vertical mode with a peak from 4 to 7 km. There are two vertical modes of LH over tropical oceans. The shallow mode from about 1 to 4 km results from small, shallow, and weak precipitation systems, and partially from congestus clouds with radar echo top between 5 and 8 km. The deep mode from 5 to 9 km is mainly from stratiform precipitation in MCSs.
Introduction
Latent heating (LH) release from precipitation processes in the tropics plays an important role in driving the global atmospheric circulation (Riehl and Malkus 1958) . Therefore, it is critical to correctly describe the LH from subgrid-scale clouds in climate models (Arakawa 1975 ). Because of the large variety of cloud and precipitation processes in the tropics, the vertical profiles of LH in different regions and seasons may change significantly (Nitta and Esbensen 1974; Thompson et al. 1979; Frank and McBride 1989) . Because of different microphysical processes, LH profiles from convective and stratiform precipitation have been shown to have distinct vertical structures (Houze 1989) and could have different impacts on controlling large-scale circulation (Emanuel et al. 1994; Schumacher et al. 2004 ). Deep and shallow precipitation systems may contribute to different atmospheric circulation responses as well . Therefore, it is important to quantify the LH of different types of rainfall systems in the tropics.
In practice, LH is difficult to measure. Yanai et al. (1973) proposed a way to relate the unresolved diabatic processes in the atmosphere including LH from coarse sounding networks to the large-scale circulation. The apparent heating Q 1 from the unresolved diabatic processes can be defined as
where s 5 C p T 1 gz is the dry static energy; Q R is the atmospheric radiative heating or cooling; L y (c 2 e) 1 L f ( f 2 m) 1 L s (d 2 s sub ) is LH including condensation, evaporation, freezing of raindrops, melting of snow and graupel, deposition of ice particles, and sublimation of ice particles; and $ Á s 0 y 0 1 (›s 0 v 0 /›p) is the eddy transport of sensible heat. Assuming that LH is a dominant term in Eq.
(1) in precipitation systems, LH can be roughly estimated with the residual of thermodynamic measurements from sounding networks (Yanai et al. 1973; Johnson 1976; Yanai and Johnson 1993) . Since then, estimating the LH from enhanced sounding network has been one objective in various field campaigns (Johnson 1984; Mapes et al. 2003; Schumacher et al. 2007 ). However, because of the cost, the field campaigns can only provide LH estimates over limited regions during specific time periods. An alternative way to estimate LH is from satellite observations. The Tropical Rainfall Measuring Mission (TRMM; Simpson et al. 1988; Kummerow et al. 1998) was launched in late 1997 with one of its major goals to provide tropical LH estimates. By combining cloudresolving model simulations and the properties of cloud and precipitation indicated by TRMM Precipitation Radar (PR) and Microwave Imager (TMI) observations, LH profiles may be derived reasonably with global coverage . Using these LH estimates, there have been many studies on the variability of LH at different space and time scales, such as the MaddenJulian oscillation (Morita et al. 2006; Zhang et al. 2010 ), El Niño (Schumacher et al. 2004; Tao et al. 2006; Shige et al. 2007 Shige et al. , 2008 , and the temporal variation of heating profiles associated with isolated cold cloud systems (Imaoka and Nakamura 2013) . The relationships between LH and precipitation intensity have also been discussed (e.g., Schumacher et al. 2007; Tao et al. 2010) . However, there is still lack of a detailed study to quantify the vertical structure of LH from the various types of precipitation systems. To be able to correctly describe the LH effects in climate models, it is important to understand how LH changes with different types of precipitation systems and their life cycles. For example, it is well known that an isolated convective system would likely have a bottom-heavy LH profile only from convective precipitation. But a mature mesoscale convective system (MCS) could have a top-heavy LH profile from a large region of stratiform precipitation (Houze 2004; Jakob and Schumacher 2008) . How to quantitatively describe LH vertical distribution in climate models could be critical to produce a correct general circulation response. The purpose of this paper is to quantify the contribution of LH from precipitation systems of various types and provide a foundation to validate climate models from a precipitation system organization perspective. The main questions addressed include the following: To answer the above questions, LH retrievals from 15 years of TRMM PR are analyzed to budget the contributions of LH from precipitation systems with different horizontal extents, depths, and convective intensities. The diurnal variations of the LH vertical structure are analyzed and the contributions from organized precipitation systems are estimated over land and ocean separately.
Data and methodology
Several different methods of deriving LH from TRMM observations have been developed by various research groups based on different TRMM observation inputs . We choose the retrievals of the spectral latent heating (SLH) algorithm (Shige et al. 2004) in the current study. The SLH algorithm retrieves LH from TRMM PR observations based on a lookup table built from cloud-resolving simulations. With the TRMM PR-derived radar echo-top height, precipitation rate at the near-surface level as well as at the freezing level, and partition of regions with convective and stratiform precipitation, mean LH vertical profiles are selected by matching radar profiles derived from cloud-resolving model simulations (Shige et al. 2004 ). This approach could have large uncertainties in the individual instantaneous LH profiles due to the timing mismatches between the water phase change process and the presence of the large hydrometeors detectable by radar. However, these retrievals successfully utilize constraints from radar observables and may provide reasonable LH vertical structures in a statistical sense (Shige et al. 2009; Takayabu et al. 2010) . Details of the SLH retrieval algorithm are described in Shige et al. (2004 Shige et al. ( , 2007 Shige et al. ( , 2008 Shige et al. ( , 2009 .
There are several caveats in using the SLH retrievals. One key to correctly deriving the total LH is the partition of convective and stratiform precipitation (Houze 1997) . The PR partitioning algorithm relies on the horizontal and vertical gradient of radar reflectivity (Awaka et al. 1998 (Awaka et al. , 2009 ). There are some known difficulties of the algorithm for isolated shallow systems (Schumacher and Houze 2003; Funk and Schumacher 2013) and those over high terrain (Fu and Liu 2007) . In some special scenarios, stratiform and convective partitioning could be difficult. For example, convective precipitation due to terrain lifting and in tropical cyclones could possibly be misidentified as stratiform with a top-heavy LH profile when there is little evaporation of rain in a moist lower troposphere. The SLH algorithm relies on cloudresolving model simulations to build its lookup table. As of this writing, no simulations of strong continental convection have been used to create lookup tables. Directly using the product from the SLH algorithm over some land areas could be problematic. The above issues could introduce some uncertainties to the vertical distribution of the LH. Because the total LH is directly constrained by the precipitation rate and convective versus stratiform partition, uncertainties in the spectrum of LH contributions from precipitation systems of different size, depth, and convective intensity over land are expected. However, further study is needed to estimate how such uncertainties as these could impact our analysis. To examine the contribution of LH from precipitation systems of different properties, the TRMM Precipitation Feature (PF) database (Liu et al. 2008 ) is used. First, the PFs are defined by grouping the area with any PR detectable echoes in the column from 15 years of TRMM observations during 1998-2012. This definition includes thick anvil regions with radar echo aloft but without detectable surface precipitation. The properties of the each PF, such as geometric center, size, maximum echo-top height, and convective intensity proxies including lightning counts and maximum 30-dBZ echo-top height, are summarized from the TRMM PR and Lightning Imaging Sensor (LIS) observations. Then the total volumetric LH at 19 different vertical levels in the stratiform and convective regions of each PF are calculated from SLH retrievals in version 7 TRMM 2H25 products (Shige et al. 2009 ). There are more than 113 million PFs defined from 15 years of observations. Note that because of the sensitivity of the TRMM PR, limited to reflectivities .17-18 dBZ, some weak precipitation, such as drizzle in stratocumulus or showers that fill only a small fraction of the PR's 20-km 2 footprint, are not detected (Lebsock and L'Ecuyer 2011) . Although this weak precipitation is not included, the PF samples used in this study contribute the majority (;90%) of precipitation and LH in the tropics and subtropics.
Results

a. General climatology of LH in the tropics
The geographical distributions of the unconditional LH (mean latent heating rate including all precipitation rates including zero) are calculated by summing the total LH from PFs with a geometric center in each 18 3 18 box, and then dividing by the total number of samples. As shown in Fig. 1 , the unconditional LH at three different vertical levels is similar to the climatology generated from pixel-level data Fig. 1 ). The LH is greater at higher altitudes (Figs. 1a, b) than at lower altitudes (Fig. 1c) , and stronger in the tropics than the subtropics with large regional variations. This is also demonstrated with the zonal means of LH in Fig. 2 . On average, LH is greater north of equator with deeper heating in the tropics than subtropics (Fig. 2a) . In the tropics, there are two dominant modes of LH, with a relatively weaker mode at 2-4 km and stronger heating at 6-8 km, which is consistent with past literature (Shige et al. 2009; Takayabu et al. 2010) . The LH from convective precipitation dominates (.90%) at levels below 5 km in the tropics (Fig. 2a ). There are large longitudinal variations of total LH, as well as of the fractional contribution from convective precipitation (Fig. 2b ). Similar to Fig. 4c of Schumacher et al. (2004) , the high convective fraction of LH corresponds mostly to major continents, but also extends from Asia into the Pacific Ocean. The vertical structure of LH also changes significantly in different seasons. In December-February, LH is slightly stronger and deeper south of the equator (Fig. 2c ). In July-August, LH is mainly to the north of the equator. It is interesting that there is a strong shallow LH region over the subtropics during the winter months with a large fraction of LH from stratiform precipitation (Figs. 2c, d) . All these regional and seasonal variations of LH vertical structures are directly tied to the variations of precipitation and the properties of precipitation systems.
b. Contribution from precipitation systems with different sizes
In recent years, it has been realized that correctly describing the development of organized convective systems is one of the major challenges of climate models (Del Genio 2012; Mapes and Neale 2011). The importance of organized convection to LH is directly indicated by the dominant precipitation contribution from MCS (Nesbitt et al. 2006; Liu 2011) . Further, because of the top-heavy structure of LH in the stratiform-rich precipitation region (Houze 1989) , MCSs have a larger contribution to the heating at higher altitudes from large areas of stratiform precipitation than those from isolated deep convection, especially over oceans. This is evident from the dominant contributions of LH above 7 km from MCSs (PFs with area greater than 2000 km) as listed in Table 1 . In fact, MCSs contribute more than half of all LH at all levels above 2 km over both land and ocean. Figure 3 shows the unconditional LH rate over tropical land and ocean derived from PFs of various sizes over regions with convective and stratiform precipitation. Similar to the results of Takayabu et al. (2010, Fig . 1 ), over tropical land, the total unconditional LH maximizes between 4 and 7 km (Fig. 3a) . This stems from a combination of a larger proportion of LH at 3-5 km in the convective region (Fig. 3b) and a smaller proportion of LH above 6-9 km in the stratiform region (Fig. 3c) . The contribution of the MCSs is dominant at all levels in both convective (Fig. 3b ) and stratiform regions (Fig. 3c) . Smaller PFs (,400 km 2 ) contribute a small portion of the LH at 3-7 km. Over tropical oceans, consistent with Takayabu et al. (2010) , there are shallow and deep modes of LH (Fig. 3d) . Small PFs (,400 km 2 ) contribute a large portion of LH below 3 km in the form of convective precipitation. Most of these small systems are shallow and dominated by the warm rain process. Note that the TRMM PR misses a large proportion of shallow and weak precipitation in the tropics, so the amplitude of this shallow mode is very likely underestimated in Figs. 3d and 3e. MCSs contribute virtually all of the high-altitude LH (95% above 7 km; Table 1 ) over tropical oceans, both from convective and stratiform precipitation (Figs. 3e,f) . However, Fig. 3 only shows the average vertical contribution in the tropics. There are large regional differences in the LH contribution by large organized systems at different levels. For example, the PFs with size greater than 10 000 km 2 contribute a larger proportion of LH at high altitudes (7-8 km) over central Africa than over either the Amazon or the Maritime Continent (region of Indonesia), and more over the east Pacific ITCZ than the west Pacific (Fig. 4a) . More than half of the shallow LH at 2-5 km is from large PFs over central Africa, which is much higher than the Amazon and the Maritime Continent. At the latitudes poleward of 258N and 258S, the large PFs contribute a large proportion of LH at all levels, especially over oceans. Many of those PFs are associated with midlatitude frontal systems during the winter (not shown).
The spectra of fractional contributions of the LH from PFs of various sizes at different altitudes are shown with color fill and percent from convective precipitation are shown with contours in Fig. 5 . Consistent with Figs. 3a and 3c, tropical land has one LH mode at 4-8 km mainly from PFs with size greater than 10 000 km 2 (Fig. 5a ). Tropical ocean has two LH modes at 1-3 km from small PFs and 6-9 km from large PFs (Fig. 5b) . In general, smaller PFs contribute to lower-level LH over both land and ocean. The fraction of convective LH is larger over land than over ocean from PFs with similar size. The fraction of LH from convective precipitation at high altitudes (.6 km) decreases with larger PFs. At the same time, the depth of cooling near the surface due to evaporation increases for larger PFs. The budget of LH from PFs of different sizes varies with regions. For example, the LH contribution from large PFs over central Africa maximizes at slightly lower altitudes (5-7 km; Fig. 5c ) than those over the Amazon (6-8 km in Fig. 5e ). This is partially due to higher convective LH fraction from PFs in central Africa and a larger proportion of 2 ) during rainy seasonal of regions of interest ( Fig. 1c and Table 1 ). (b) As in (a), but for median volumetric LH from stratiform precipitation. Note that there is an unrealistic positive LH at levels warmer than freezing (;4.5 km) in MCSs over the United States and Argentina. This could be a potential problem in the current version 7 SLH product. stratiform LH in the Amazon, leading to relatively stronger heating at higher altitudes over the Amazon. Also note that small PFs (,1000 km 2 ) over central Africa have latent heating at relatively higher altitudes (3-6 km) than those over the Amazon (2-4 km). The LH budget also varies over different ocean basins. Although in general the large PFs have similar LH contributions over the east Pacific and the west Pacific (slightly larger over the west Pacific), the LH contribution from small PFs (,1000 km 2 ) over the east Pacific is obviously larger. This is probably due to some shallow but organized precipitation systems within the shallow meridional circulation over the east Pacific Liu and Zipser, 2013; Yokoyama et al. 2014) .
What causes the regional variations of LH vertical structures? Apparently, abundant small PFs with warm rain have an important contribution to the shallow LH over the ocean. Because large organized MCSs dominate the LH contribution at high altitudes over the rainy regions (Figs. 3-5) , the vertical structure of the LH can also be largely influenced by the different properties of MCSs. For example, Fig. 6a shows the median profiles of volumetric LH (sum of LH within PF) at different vertical levels from MCSs over various regions during the rainiest 3 months ( Table 2 ). The continental MCSs (red curves) have LH peaks at relatively lower altitudes (5-6 km) with greater LH volume than those over ocean (8-9 km, blue curves). One main reason for these differences is the fraction of stratiform precipitation. As listed in Table 2 , in agreement with Schumacher and Houze (2003) , oceanic MCSs have a larger fraction of stratiform precipitation than those over land. The median LH volumes in stratiform regions of oceanic MCSs are also larger than those over land (Fig. 6b) . Because the LH in stratiform regions has a top-heavy structure, oceanic MCSs tend to have their LH peak at higher altitudes than MCSs over land. The monsoonal MCSs (green curves) have a top-heavy LH structure similar to oceanic MCSs, with the magnitude of LH in between continental and oceanic MCSs (Table 2, Fig. 6 ). Note that there is an apparently unrealistic positive LH at levels below 5 km in MCSs over the United States and Argentina. This contradicts the expected evaporative cooling at low levels in the stratiform precipitation region. We recognize that these profiles over land pose a potential problem in the current version 7 SLH product and we are currently working on an improved version.
c. Contribution from precipitation systems with different depths
Vertical distribution of LH is also directly tied to the depth of the precipitation systems. In the tropics, based on the depth, there are in general three types of convective clouds: shallow cumulus, congestus, and cumulonimbus (Johnson et al. 1999; Wall et al. 2013) . Figure 7 shows the LH contributions from PFs with shallow, deep, and midlevel radar echo tops over tropical land and ocean. Deep PFs with echo top greater than 10 km have the largest contributions to the LH at all levels above 2 km over both tropical land and ocean (Table 1, Figs. 7a,d ). Since the convective LH dominates over tropical land (Fig. 5a) , the deeper convection leads to LH peaks at higher altitudes (Fig. 7b) . By definition, the deep stratiform precipitation is entirely associated with deep convection (Figs. 7c,f) . Therefore, the deep PFs contribute nearly all the LH above 8 km (Figs. 7a,d) . Over tropical oceans, shallow PFs with pure convective precipitation have a significant contribution to LH at low levels (Figs. 7d,e) . The PFs with echo top above 5 km have two peaks of LH dominated by the convective and stratiform components separately (Figs. 7d-f ). The PFs with echo tops at midlevels do not have a significant contribution at any vertical level, but they do have about 1 /3 of LH contribution at 2-5 km over the ocean (Fig. 7d , Table 1 ).
The geographical distribution of the fractional LH contributions from deep (echo top .12 km) and shallow PFs (echo top ,5 km) are shown in Fig. 8 . Although in general deep PFs dominate the LH at 7-8 km in the tropics, the fractional contribution varies from 60% to 90% over different regions (Fig. 8a) . Over land, deep PFs dominate the LH at 7-8 km over Africa and Argentina (.80%), but only contribute about 60%-70% over the Amazon. Over ocean, deep convection contributes a higher fraction of LH at 7-8 km over the west Pacific warm pool region than over the east and central Pacific and Indian Ocean. Shallow PFs contribute a significant proportion of shallow LH over regions with large-scale descent and dominated by warm rainfall .
The full spectra of LH contributions from PFs of different depths are shown in Fig. 9 . The PFs with echo tops reaching 15 km contribute significantly over both tropical land and ocean. These PFs have a stronger peak of LH at lower altitudes (4-7 km) over land (Fig. 9a) , and relatively weaker peak of LH at higher altitudes (6-8 km) over ocean (Fig. 9b) . This is likely due to the larger fraction of convective precipitation over land and the larger fraction of stratiform precipitation over the oceans. LH above 8 km is mainly from stratiform precipitation for PFs with echo tops below 14 km. However, a large proportion of LH is from convective precipitation when PFs have echo top above 15 km, especially over land. The PFs with echo top above 15 km are likely in the early stage of deep convection that has strong updrafts and has not developed a large area of stratiform precipitation yet. Therefore, the convective precipitation is dominant in these PFs. Consistent with over the Amazon (Figs. 9c,e) . There is a larger proportion of convective LH from PFs with echo tops above 15 km over Africa than over the Amazon. It is interesting that there is a small peak of LH at 3-4 km from PFs with echo tops around 6 km over the Amazon. This is consistent with a large population of congestus over the Amazon region (Wall et al. 2013) . Comparing the east and west Pacific, the shallow LH from shallow PFs is more important over the east Pacific than over the west Pacific (Figs. 9d,f) . The deep PFs contribute a larger proportion of LH at high altitudes over the west Pacific than the east Pacific. The contribution of the congestus is relatively weaker than the deep and shallow PFs over the oceans. However, the trimodal LH contributions from PFs of shallow, deep and midlevel seem to be discernable over the ocean, especially over the west Pacific (Fig. 9f) . 
d. Contribution from precipitation systems with different convective intensities
The vertical distribution of LH may also be modulated by the intensity of convection. For example, the strength of convective updrafts may affect the altitude/ temperature levels where raindrops freeze (Zipser 2003) , which in turn may influence updraft strength in the upper troposphere. Also, precipitation systems have different convective intensities during their life cycles. For example, a MCS usually has stronger updrafts in its early and mature stage than its dissipation stage. Therefore, the study of LH from PFs with different convective intensity may also help understanding the variation of LH during the life cycles of precipitation systems. Figure 10 shows the LH contribution from PFs with different 30-dBZ heights. Because radar reflectivity is sensitive to the size of the hydrometeors, 30-dBZ radar reflectivity in the mixed phase levels may be used as a proxy for the presence of large ice particles and even a good indicator of lightning (Liu et al. 2012) . Strong PFs with 30-dBZ tops greater than 7 km and thunderstorms (PFs with lightning) contribute a major proportion of the LH at all levels above 2 km over tropical land (Table 1, Fig. 10a ). Over tropical oceans, the small (Fig. 3d), shallow (Fig. 7d) , and weak (Fig. 10d ) PFs contribute to most of the shallow LH, while strong PFs with 30-dBZ height above 7 km contribute a big proportion of LH at high altitudes. Although it is rare to have lightning over tropical oceans, the thunderstorms over ocean usually have a large horizontal extent (e.g., Fig. 5b of Cecil et al. 2005 ) and contribute a noticeable proportion (.25%) of LHs at high altitudes (Table 1) . While the LH contributions from PFs with lightning over land have very similar vertical structure (e.g., peak level), with PFs with tall convection (Figs. 10a,b) , it is not the same for PFs over the oceans (Figs. 10d,e) . This is consistent with the findings of , who showed a significant correlation between the rainfallrelative lightning frequency and tall rainfall contributions only over land but not over the oceans. Clarifying differences in lightning systems over land versus oceans is an interesting topic but left for future studies.
Because the most intense convection mainly occurs over land , the LH contribution from these intense PFs is larger over land, especially over the Congo basin, Sahel, Argentina, Pakistan, and the Great Plains of the United States (Fig. 11a) . Weak PFs contribute most of the shallow LH over oceanic regions with a large-scale descent (Fig. 11b) . Over the east central Pacific, equatorial PFs with weaker convection contribute up to 80% of shallow heating, compared with 20%-30% over other equatorial oceans. Over land, PFs with weaker convection contribute around 30%-40% of shallow LH over east China, compared with much lower contributions over other continental regions. Some of these PFs may be associated with the mei-yu front characterized with abundant warm rain (Xu et al. 2009 ).
Full spectra of LH contribution from PFs with different 30-dBZ top heights are shown in Fig. 12 . PFs with 30-dBZ echo top at 5-9 km contribute a large proportion of LH over both land and ocean. However, these PFs have a stronger contribution at lower altitudes over land (3-7 km) than over ocean (5-9 km). Because of the relatively weak convection, there is a minimum contribution of LH from PFs with 30-dBZ echo top greater than 10 km over ocean (Fig. 12b) . Consistent with Fig. 10d , weak PFs have a very large contribution to shallow LH over ocean. One interesting feature in Figs. 12a and 12b is that the convective fraction of LH above 7 km becomes a minimum when PFs have 30-dBZ echo top between 5 and 9 km, and increases with higher 30-dBZ tops. We speculate that the strong PFs with 30-dBZ top above 9 km are at an early stage of their life cycles and therefore have a higher fraction of convective precipitation. It then follows that most of the PFs with 30-dBZ tops at 5-9 km are at their mature or dissipation stages and have developed a large volume of stratiform precipitation, and therefore have a more top-heavy LH structure.
Because the convective intensity changes from one place to another, there are large variations among the spectrum of LH from PFs of different 30-dBZ heights over different regions. For example, strong PFs with 30-dBZ top above 9 km have a much larger contribution to the LH over Africa (Fig. 12c ) than over the Amazon (Fig. 12e) . Convective systems over the ''green ocean'' Amazon region (Silva Dias et al. 2002) have many characteristics close to oceanic precipitation systems. As a result, the spectrum of LH contribution from PFs of different intensity over the Amazon (Fig. 12e ) looks more like oceanic PFs (Fig. 12b) than the continental PFs (Fig. 12a) . Comparing the east Pacific and the west Pacific, weak PFs with 30-dBZ top below 4 km over the east Pacific have larger shallow LH contributions (Fig. 12d) . Relatively intense PFs with 30-dBZ top above 5 km have larger contributions of deep LH over the west Pacific versus the east Pacific (Fig. 12f ).
e. Diurnal variation of LH
There is a long history of studies on the diurnal variations of clouds and precipitation (Gray and Jacobson 1977; Augustine 1984; Hall and Vonder Haar 1999; Nesbitt and Zipser 2003) . In general, clouds and precipitation have a stronger diurnal variation over land with a strong peak in the late afternoon and a weaker diurnal variation over ocean with a slight peak in the early morning. The diurnal change of clouds and precipitation is directly related to precipitation systems of different types and life cycles. Not only would the total LH change with the total precipitation diurnally, but the vertical distribution of LH would shift diurnally because some types of precipitation systems tend to occur or be at certain stage of life cycles during specific local times over different regions. This has been confirmed from field campaign observations (Schumacher et al. 2007 ).
Diurnal variation of unconditional LH over tropical land and ocean from 15 years of SLH retrievals are shown in Fig. 13 . Consistent with the diurnal variation of precipitation, LH is much stronger in the later afternoon between 1300 and 1800 LT over land (Fig. 13a) and is slightly stronger in the early morning between 0200 and 0700 LT over ocean (Fig. 13b) . Further, there are some interesting details in the variations of LH vertical distributions. Over land, there is a tilted structure of LH in the late afternoon with relatively shallower LH at 4-6 km in the early afternoon and deeper LH at 5-7 km in the late afternoon. In the early afternoon, convective systems tend to be at an early developing stage and mainly consist of convective precipitation (Fig. 13a) . Convective LH even dominates the LH at high altitudes at this stage (contours in Fig. 13a) . Therefore, the LH is relatively shallow due to the bottom-heavy structure of convective LH. In the late afternoon and early evening, some convective systems develop and become MCSs with a large volume of stratiform precipitation. With a topheavy LH of stratiform precipitation, the LH profile is relatively deeper. Then these large MCSs could keep developing till the early morning and dissipate with a deep LH structure (Fig. 13a) . Over ocean, shallow and deep LH modes have slightly different diurnal variations (Fig. 13b) . Shallow LH peaks earlier than the deep LH in the early morning. Abundant small, shallow, and weak precipitation systems contribute to most of the shallow LH and are most frequent in the early morning. MCSs tend to occur at all local times over ocean with a slight preference for the early morning hours. The stratiform LH dominates above 7 km at all times over ocean. Figure 14 shows the unconditional LH from convective precipitation only, with the fractional LH contribution from MCSs superimposed. Over tropical land, convective LH dominates in the afternoon between 1300 and 1800 LT. MCSs contribute virtually all of the LH especially at high altitudes above 5 km, except in the afternoon between 1300 and 1800 LT when smaller convective systems have some contribution at high altitudes as well (e.g., 20%-30% at 7-9 km) (Fig. 14a) . Over ocean, without the LH from stratiform precipitation, the deep LH mode shown in Fig. 13b can no longer be seen for convective LH (Fig. 14b) . Also over ocean, Fig. 14b demonstrates that convective heating once again peaks at low altitudes (1-4 km), in contrast to Fig. 13b . The main reason is that Fig. 14b no longer includes the cooling at low levels from evaporation of rain in stratiform precipitation from MCSs that is included in Fig. 13b . MCSs have similar contribution of LH at all local times over ocean.
Summary and discussion
Using 15 years of TRMM Spectral Latent Heating (SLH) products, the horizontal and vertical distribution of LH contributed by precipitation systems of different size, depth, and intensity is analyzed between 368N and 368S. The major findings include the following:
d Over both land and ocean, large, deep, organized mesoscale convective systems (MCSs) contribute most of the LH, especially in the upper troposphere, where the MCS contribution may approach 100%. Over tropical land, convective LH exceeds stratiform LH, with the combined LH peak in the 4-7-km altitude range. Over tropical ocean, there is a double peak in LH, with the lower peak mainly contributed by small shallow precipitation features and the upper peak from MCSs. Over tropical oceans, stratiform LH and convective LH are similar in magnitude, with the large stratiform component contributing greatly to the peak above 7-km altitude.
d Regional and seasonal variations of the vertical profile of LH are linked to the relative proportions of different types of precipitation systems. One clear example is found in the subtropical oceans where small, shallow precipitation features are dominant, with a latent heating peak in the 1-3-km range. These can be mostly stratocumulus in inversion-dominated regions but can also be shallow cumulus, especially closer to the deep tropics.
Larger convective systems such as MCSs have larger stratiform fractions over tropical oceans but smaller stratiform fractions over continents, especially over regions with more intense convection (the United States, Argentina, Africa). In general, the larger the stratiform fraction, as over tropical oceans, the more dominant is the upper tropospheric LH peak. Monsoonal MCSs have properties intermediate between those of continental and oceanic MCSs.
d There are significant differences in LH profiles over land from one region to another, and many of these differences seem to be linked to the different intensity of convection, or the differences in size of MCSs, or both. There are clear differences between the Amazon and Africa, and between monsoon regions and subtropical regions known for very intense convection, such as the central United States and southeastern South America, d Although three modes of convection (shallow, congestus, and deep) are detected over tropical oceans, the LH contribution from congestus is small and seems to vary from one ocean basin to another.
d Consistent with the diurnal variation of precipitation, LH varies much more strongly over land, with a strong afternoon maximum, than over ocean, with a very broad night and morning maximum. The afternoon maximum over land has a significant contribution by smaller convective systems, whereas large MCSs are dominant at all other times. The shallow mode of LH over oceans maximizes somewhat earlier than the deep mode in the early morning.
In the future, it will be important to use these results to develop improvements to the SLH algorithm. In particular, the suite of look-up tables currently in use is based upon data obtained from a limited number of field programs. These datasets are probably more representative of tropical oceans than they are over tropical and subtropical land. The LH profiles have been shown to be sensitive to the intensity and depth of the convection, and to the size and structure of MCSs. Different continental regions with characteristically different convective intensity should be considered for development of look-up tables matched to conditions in each region. The results could also be used to test how well global climate models capture LH profiles of various organized precipitation systems.
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